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We present studies of the formation of silver nanoparticles (NPs) in silver-sodium ion-
exchanged glasses by a combination of thermal poling and nanosecond pulsed laser 
irradiation at 355 nm. In poling, silver ions drift deeper into the glass and become separated 
from the glass surface by a poled layer depleted in cations. Performed measurements have 
indicated poling-induced broadening of silver ions depth distribution. Laser irradiation 
reduces silver ions to atomic silver via breaking silver – non-bridging oxygen bonds, 
extraction of electrons from the non-bridging oxygen atoms and capturing these electrons and 
electrons generated via multi-photon absorption in the glass by silver ions. The depleted layer 
limits diffusion of silver atom towards glass surface and, as a consequence, formation of 
silver NPs on the surface of poled glasses. It is shown that thermal poling mode allows one to 
control formation of silver NPs of glass surface. 
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Laser-assisted surface treatment has become a powerful tool for the formation of metal 
nanoparticles (NPs) in optically transparent media, primarily in glasses, and for the 
modification of glass-metal nanocomposites. The interest in metal NPs, located in the bulk or 
on the surface of a material, is due to their optical properties at surface plasmon resonance 
(SPR) wavelength, which provide selective optical absorption [1], high optical nonlinearity 
[2], enhanced Raman scattering [3], luminescence [4] and catalytic activity [5]. The control 
over NPs formation allows effective managing of the SPR spectral position and magnitude, 
which determine optical properties of individual NPs or glass-metal nanocomposites as a 
whole. In particular, laser-induced shape modification of NPs results in breaking central 
symmetry. This allows for alterations of the NPs resonant wavelength [1] and increased 
nonlinearity [6,7]. Additionally, it is possible to modify glass-metal nanocomposites via 
selective laser softening and melting of the glass matrix containing absorbing NPs [8].  
The growth of NPs in silver-doped glasses under UV [9,10], visible [11] and near IR [12,13] 
irradiation using both continuous [14] and pulsed laser sources was reported, as well as the 
laser-induced deformation of NPs [15]. These studies were performed in the pulse duration 
domain from femtoseconds [16] to nanoseconds [17]. In most of the published studies, except 
for [10] and [13], silver ions were introduced in the glass matrix using the ion-exchange 
technique. This provided relatively high concentration of the embedded silver in the 
subsurface layer of glass [18], and the NPs formation in this layer was controlled by the laser 
irradiation parameters [10,15]. Figure 1 shows an example of the image directly written by a 
laser beam in a silver-sodium ion-exchanged silicate glass. This technique enables production 
of a large variety of optical elements, such as 2D structured optical amplitude masks, 
elements for data recording and storage, etc., with the spatial resolution determined by the 
laser beam diameter [19,20]. While the laser wavelength and fluence to a certain extent affect 
the kinetics of NP formation, control of the subsurface region properties of the glass, such as 
chemical composition, should allow additional control over NPs formation and modification 
[21]. For example, the dissolution of formed NPs and control over their formation via thermal 
poling were demonstrated in the case of hydrogen reduction of silver ions in ion-exchanged 
glasses [22,23]. In this paper, we present the controlled formation of silver NPs in ion-
exchanged glass using a combination of thermal poling and nanosecond pulsed laser 
irradiation at 355 nm. 
 








































































Figure 1. High-resolution optical microscopy image of Tower Bridge recorded in a silver-to-
sodium ion-exchanged glass by laser irradiation.  
 
2 Experimental 
Soda-lime glass slides  (72.2%wt. SiO2, 14.3%wt. Na2O, 1.2%wt. K2O, 6.4%wt. CaO, 
4.3%wt. MgO, 1.2%wt. Al2O3, 0.3%wt. SO3, 0.03%wt. Fe2O3 and 0.07%wt. of others, 
according to the producer data [24]) were ion-exchanged in silver-sodium melt solution: 
5%wt. AgNO3: 95%wt. NaNO3 for 20 min at 325°C. This led to the introduction of silver ions 
into the glass matrix. In the process, silver ions replaced sodium ions in several microns deep 
subsurface region of the glass, which shifted the position of the optical absorption edge. The 
change of optical absorption of the slides after the processing was characterized using 
Specord 50 spectrometer. In order to modify the glass and promote further silver ions 
penetration into the bulk of the sample, we thermally poled the ion-exchanged glass in air 
with pressed glassy carbon electrodes by applying DC voltage of 300 V at 300°C for 30 s to 
2400s (40 min). The longest poling corresponded to the decay of the poling current down to 
10% of its initial value. The fabricated samples were irradiated with a Nd:YVO4 laser 
(Laservall Violino UV) with a pulse length of τ = 10 ns at a wavelength of λ = 355 nm in 
standard atmospheric environment. The laser beam had a Gaussian intensity profile with M2 < 
1.3. The sample surface was irradiated with either focused or defocused laser beam, using a 
flat-field scanning lens system. The laser beam was raster scanned at a speed of 1 mm/s and a 
pulse repetition rate of 80 kHz (corresponding to 4800 pulses per spot) with the incident 
energy density (laser fluence) varied from 49 to 332 mJ/cm2. The irradiated areas were 
characterized with X-ray diffractometer D8 Discover (Cu K), an optical microscope 
(Olympus MX51-F), LEO 1550 Gemini scanning electron microscope (SEM), a hand-made 
optical system for extinction spectra measurement that included a halogen lamp (Ocean 
Optics HL-2000-FHSA-LL) as a light source and a modular spectrometer (Solar LS SC82) as 
a detector, the diameters of the illumination and collection light spots being 80 and 240 μm, 
respectively. We also measured luminescence of the samples in spectral range of 620-660 nm 
(2700-3700 cm-1) using confocal Raman microscope WITec Alpha 300R equipped with CW 
green laser (532 nm) and 100x/0.9 objective. The system allowed measuring luminescence 
excited at different distances from the glass surface, vertical resolution being ~ 1 µm. The list 
of studied samples is presented in Table 1.  







































































Table 1. The notations of studied samples.  
                       Laser fluence, mJ/cm2 
Poling duration 49 61 197 246 319 332 
Non-poled 0-49 0-61 0-197 0-246 0-319 0-332 
30 s poling - - 1-197 1-246 1-319 1-332 
90 s poling 2-49 2-61 2-197 2-246 2-319 2-332 
2400 s poling 3-49 3-61 3-197 3-246 3-319 3-332 
 
3 Results and Discussion  
After irradiation of the prepared samples, we observed metallization of the laser-exposed 
glass region, similar to what we observed in silver-to-sodium exchanged glasses [25]. It 
should be noted that in the employed regimes of ion-exchange processing, silver ions do not 
penetrate in the glass deeper than 7 μm [26]. Therefore, after the ion-exchange both sides of a 
glass slide contain silver ions enriched regions, ~7 μm thick each. These two relatively thin 
subsurface regions increase optical density of the processed sample at the irradiation 
wavelength by about 0.034. This is twice the initial optical density, as seen in Figure 2. Thus, 
the absorption in 7 μm thick silver-doped region is half of the absorption of 1 mm-thick glass 
slide, which does not contain silver ions. That means that almost a quarter of the laser 
irradiation is absorbed by the silver-containing region under the irradiated surface of the 
sample. Besides, when the metallization begins, the absorption grows due to the absorption of 




Figure 2. The change in optical absorption of the glass sample after the ion-exchange 
processing. 
X-ray diffractometry (XRD) of the prepared samples demonstrated the presence of diffraction 
peaks, the positions of which correspond to the crystalline lattice of silver (see Figure 3). The 
average size of these nanocrystals evaluated in accordance with the peaks’ width (see Figure 
3) is not less than 27 nm. Unfortunately, it is hardly possible to use XRD data for exact 
evaluation of the NPs size, since ones formed in the bulk and on the surface of glass differ in 
size [27], and XRD returns the average value.  








































































Figure 3. XRD of 2-319 sample. Positions of the peaks correspond to the crystalline planes of 
silver indicated above the peaks. 
Following earlier reported mechanism of laser reduction of silver ions in glasses [28–33], we 
underline that the effect of laser irradiation on the silver-containing glass is two-fold. First, 
significant energy is transferred by nanosecond pulses and absorbed in the thin subsurface 
region of the glass (by both glass network formers and modifiers, including silver, bonded via 
non-bridging oxygen atoms [27]). This leads to heating of this region and its softening 
[28,29], as well as to the break of silver – non-bridging oxygen (NBO) bonds followed by the 
reduction of silver ions via extraction of electrons from NBO atoms [27]. Second, as 
established now [30–33], laser irradiation at 355 nm leads to free electrons formation in the 
glass due to multi-photon absorption. This, in turn, leads to the silver ion reduction to the 
metallic state via electron capturing. The oversaturation of the subsurface region of glass with 
silver atoms determines its tendency to phase decomposition [28]. 
There are two sinks for the “extra” silver atoms: the glass surface, which is a strong sink for 
silver reduced close to the surface, and silver atomic clusters formed in the bulk of the ion-
exchange region [34]. These clusters are nuclei of silver NPs [35,36] and the preferred sink 
for silver atoms reduced deeper in the glass. Thus, phase decomposition in the bulk of the 
glass results in the appearance of silver atomic clusters Agn and then silver nanoparticles in 
the subsurface layer, while diffusion of silver atoms to the glass surface and their diffusion 
along the surface result in the formation of silver NPs on the glass surface [37]. Besides, an 
increase in the concentration of silver nanoparticles both in the subsurface region of the glass 
and on the surface is accompanied by a decrease in the concentration of silver ions and, 
respectively, silver atomic clusters in the subsurface region. Increasing the laser fluence leads 
to an increase in the concentration of neutral silver and its faster diffusion due to stronger 
heating of glass. This results in a faster growth of nanoparticles and an increase in metal 
volume fraction in the sample [25]. 








































































Figure 4. Optical microscopy images (20X magnification) of the samples marked in the 
photos according to Table 1.  
Figure 4 presents the results of the optical microscopy of the laser-irradiated glass slides. Higher 
refractivity (brighter images) corresponds to higher metallization of the glass surface. One can 
clearly see the difference in the light reflection between poled (3-49 and 3-319) and non-poled 
(0-49 and 0-319) samples in Figure 4, which is due to a difference in the out-flow of the reduced 
silver to the surface. In the case of air-poling of a multicomponent glass with pressed anodic 
electrode, ions with higher mobility, including silver ions, drift into deeper regions of the glass, 
while less mobile alkaline-earth elements and hydrogen remain mainly in the subsurface region 
depleted in more mobile ions [38,39]. After the reduction, silver atoms move to the strongest 
sink, and for non-poled samples this is the glass surface. Surface diffusion of these atoms results 
in NPs formation. Glass poling, in turn, results in the formation of ions-depleted layer which 
does not contain silver (the thickness of this layer depends on the poling conditions). This layer 
separates most of the reduced silver atoms from the glass surface. Moreover, earlier it was 
shown that the poled layer limits the diffusion [26] because of low mobility of hydrogen [40] 
and alkaline-earth ions [41] present in this layer, as well as due to a decrease in the 
concentration of non-bridging oxygen bonds [42]. Therefore, the surface sink for silver atoms in 
a poled glass is weaker than in the non-poled one, and hence the flux of the atoms to the surface 
is less. The thicker depleted layer, the weaker the surface sink. Lower laser fluence initiates less 
intensive formation of neutral silver, which results in less effective formation of silver NPs. 
Thus, the longer the poling and the lower the laser fluence, the less is glass surface 
metallization, as illustrated by Figure 4. For 90 seconds poling, the difference between poled 
and non-poled samples exists for the lowest laser fluence (49 mJ/cm2) only. The higher laser 
fluence, 319 mJ/cm2, initiates more intensive formation and out-flow of neutral silver, which 
makes the difference between poled and non-poled glass negligible – compare samples 0-319 
and 2-319. The longest (2400 seconds) poling of the glass leads to the strongest difference 
between poled (samples 3-49 and 3-319) and non-poled (0-49 and 0-319) irradiated samples due 
to a thicker depleted layer under the glass surface. The difference between the samples 0-49 and 
3-49 can be seen “with the naked eye” in Figure 4. Increasing laser fluence weakens this 







































































difference because of more intensive formation of neutral silver and growth of nanoparticles in 
stronger heated glass, see samples 0-319 and 3-319 in Figure 4. At the same time, our SEM 
characterization (Figure 5) indicates that all studied samples contain differing in size and 
concentration nanoparticles on the surface.  
 
 
Figure 5. Top view SEM images of the poled (90 sec) and non-poled samples after laser 
irradiation. Numbers of the samples are marked in the images according to Table 1. 
 
Since for the poled samples the glass surface is separated from the silver atoms by a depleted 
layer, the concentration of silver NPs on the surface of these samples is less (compare samples 
2-49 – 2-332 and 0-49 – 0-332 in Figure 5). However, all samples contain silver NPs of 10 to 
80 nm in size on the surface after the laser irradiation. One can see that the radius and volume 
fraction of metal NPs grow with the increase of the laser fluence (from 2-49 to 2-319, and 
from 0-49 to 0-319 in Figure 5), which is caused by more intense reduction of silver ions. It is 
important to note the exceptions in 2-332 and 0-332 in Figure 5, corresponding to the highest 
laser fluence used in the experiment, 332 mJ/cm2. Here one can see a change in the NPs 







































































shape, which is more pronounced for a poled sample. This shape transformation is supposedly 
due to a heating of absorbing metal NPs by the laser. Thus, one can see in Figure 5 that 
thermal poling makes it possible to change the parameters of laser-formed silver NPs on the 
glass surface affecting both their size and shape. This is illustrated by the absorption spectra 
of the samples presented in Figure 6. 
 
 
Figure 6. Spectra of the non-poled (solid) and poled (dashed) samples. The poling duration is 
2400 s. The laser fluence (mJ/cm2) is indicated near the plots. 
All spectra demonstrate a peak of absorption at the wavelength of ~430 nm, corresponding to 
the plasmon resonance of silver NPs. An increase in the laser fluence leads to an increase in 
the volume fraction of the NPs and, as a consequence, to an increase in optical absorption. 
The modification and partial destruction of NPs at higher laser fluence, 319 mJ/cm2, manifests 
itself through a change in the shape of the longer-wavelengths shoulder of the absorption 
peak, and this is more pronounced in stronger absorbing non-poled sample [43].  
Other experimental conditions being equal, optical absorption of poled samples is less than 
the absorption of non-poled ones despite similar content of silver in the glass. Thus, the poled 
samples contain less NPs. In Figure 7 we show the intensity of luminescence (integrated over 
the range 2700-3700 cm-1) of the ion-exchanged glass, ion-exchanged glass irradiated with 
332 mJ/cm2 laser fluence, ion-exchanged glass poled for 2400 s, and ion-exchanged poled 
glass irradiated with the same laser fluence of 332 J/cm2. The luminescence in this frequency 
range can be attributed to small silver clusters Ag2-Ag4 present in the ion-exchanged region of 
the glass, which are typical for silver ion-exchanged glasses [44–46]. 
 









































































Figure 7. The depth distribution of the integral intensity of luminescence corresponding to 
silver clusters Ag2-Ag4 in the subsurface region of (a) ion-exchanged glass and poled for 2400 
s ion-exchanged glass, and (b) ion-exchanged glass irradiated at 332 mJ/cm2 laser fluence and 
poled ion-exchanged glass irradiated by the same laser fluence. Z=0 nominally corresponds to 
the sample surface, and Z>0 - to the subsurface region.  
In Figure 7a one can see that the thickness of the region containing silver clusters in poled 
ion-exchanged glass exceeds one in non-poled glass, thus, thermal poling leads to a 
broadening of silver ions depth distribution. This corresponds to a decrease in silver 
concentration, which should reduce the probability of the formation of NPs. This is well 
illustrated by the measurements of Ag2-Ag4 luminescence after laser irradiation (Figure 7b). 
In the laser-irradiated poled and non-poled samples, one can see a sharp peak corresponding 
to the glass subsurface region containing numerous silver clusters. Deeper in the sample, for 
poled glass there is a second peak that reflects the presence of highly concentrated silver 
clusters. However, for non-poled glass, such a peak is practically absent, and only a shoulder 
follows the main surface luminescence peak. Moreover, the integrated luminescence is 
essentially stronger in poled glass, that indicates higher concentration of both Ag2-Ag4 
clusters (neutral silver) and, supposedly, silver ions. Consequently, less silver is concentrated 
in the nanoparticles after the irradiation of the poled sample. This is due to deeper distribution 
of silver ions after the poling. The local minimum in the depth distribution of luminescence in 
the laser-irradiated poled glass in Figure 7b supposedly corresponds to silver-depleted poled 
region. It is worth to note that the measured distribution of Ag2-Ag4 luminescence intensity is 
very similar to the registered with secondary ion mass spectroscopy distribution of sodium 
ions in poled glasses after heat treatment [47], which indicated the diffusion of sodium ions 
through ion-depleted region towards the glass surface. This similarity indirectly confirms the 
conclusion from the luminescence measurements on the distribution of silver ions. 
It should be mentioned that the depth scan of the luminescence provides just qualitative 
information because the excitation of the luminescence takes place not only in the focal 
region but also out of the objective focus. Additionally, since diffusive growth of NPs is the 
most intensive at the strongest sink, that is the surface for silver atoms placed in the 
subsurface region of the glass (see Figure 2 in [27]), the poling-depleted layer also weakens 
the NPs formation.  
Along with the NPs formation, the laser irradiation resulted in stress-induced modification of 
the subsurface layer of the glass, as shown by SEM image presented in Figure 8. For 197 
mJ/cm2 laser fluence and 30 s poling duration, the thickness of this layer is about 100 μm 
while our ion exchange conditions provided silver ions penetration depth about 7 μm [26]. 







































































Thus, the 100 μm thick modified layer is due to the fast heating through the absorption of the 
laser radiation by several microns-thick ion-exchanged region of glass and by silver NPs after 
their formation, the latter is evidenced by the absorption spectra presented in [25]. Since the 
formation of absorbing NPs is the result of the irradiation, the highest temperature should be 
reached just before moving the irradiating laser beam to the next position. This is because the 
high frequency of the laser pulses keeps the glass heated and supposedly soften/melted [28] 
between subsequent pulses. Thus, rapid cooling of the irradiated spot immediately after the 
irradiation leads to significant stresses because of the difference in thermal expansion of the 









It is shown that laser-assisted formation of silver nanoparticles in glass enriched with silver 
ions via classic ion-exchange from the molten salt can be controlled in two ways: by glass 
poling before nanosecond UV laser irradiation, and by the laser parameters. Combination of 
these methods allows for controlled formation of nanoparticles on glass surface and also in 
the depth of glass. This paves the way for further development of new materials with special 
characteristics using laser treatment and opens up a variety of applications in photonics, such 
as waveguides and plasmonic structures. 
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